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Abstract 

We explain why a system of cold 85 Rb atoms at temperatures of the order T « 
7.78 x 10~ 5 K and below, but not too low to lie in the quantum reflection regime, 
should be automatically repelled from the surface of a conductor without the need of 
an evanescent field, as in a typical atom mirror, to counteract the van der Waals at- 
traction. The repulsive potential arises naturally outside the conductor and is effective 
at distances from the conductor surface of about 400nm, intermediate between the 
van der Waals and the Casimir-Polder regions of variation. We propose that such a 
field-free reflection capability should be useful as a component in cold atom traps. It 
should be practically free of undesirable field fluctuations and would be operative at 
distances for which surface roughness, dissipative effects and other finite conductivity 
effects should be negligibly small. 
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There is currently much interest in the physics of cold atomic gases fuelled, possibly, 
by the repeated successes of experiments creating Bose-Einstein condensates (BECs) in 
many laboratories. Advances in laser cooling and trapping, have enabled dilute atomic 
gases to be progressively cooled and confined and, ultimately, made to condense under 
appropriate conditions [1]. The technique of evaporative cooling, in particular, has 
been successful in cooling both bosonic and fermionic gases, but the attainment of 
high density BECs possessing long coherence times remains one of the primary goals 
in this field. 

The controlled manipulation of dilute atomic gases invariably requires a practical 
means to trap them in a suitable region of space. It is generally perceived that a 
material container would be inappropriate as a component of an atomic trap. This 
rationale behind this suggestion is that atoms approaching the container walls would 
be subject to the infinitely attractive van der Waals potential well in which they could 
fall and, so, could become adsorbed to the wall. This mechanism is regarded to be one 
of the primary sources of loss limiting the coherence properties of the ensemble. It is 
generally understood that a repulsive potential is required to counteract the effects of 
the van der Waals attraction, as in an atomic mirror. As we suggest here, this is not 
true in general; it should be possible for atoms in a certain energy range to be reflected 
without the need of an additional repulsive potential. 

The experimental techniques for studying the centre of mass motion of atoms near 
surfaces has advanced considerably in recent years. An interesting article by Bushev 
et al. [2] reports the results of a beautiful experiment in which the potential acting 
on an atom well localised in a standing light wave at a mirror has been measured as 
a function of distance from the mirror. Equally impressive experiemental work has 
been done by Shimizu [3], Shimizu and Fujita [4], DrUzhinia and DeKieviet [5], and 
Pasquini et al [6] on the quantum reflection of of atoms possessing extremely small 
velocity components normal to material surfaces. 
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The primary aim of this article is the study of reflection of atoms whose normal 
velocity components are such that the motion is regarded as classical and so far removed 
from the regime in which quantum reflection occurs [4-6]. The physical principles in 
the classical regime are closely linked to those underlying an atom mirror [6-21] - a 
device which acts to repel atoms from its surface before they become subject to the 
influence of the attractive van der Waals force. A specific type of atom mirror that 
has been the subject of considerable investigation is the evanescent mode atom mirror. 
The repulsive force field which prevents the atoms from falling into the van der Waals 
potential well is created here by application of laser light, arranged in such a manner as 
to give rise to an evanescent field in the vacuum region outside the surface of a planar 
dielectric. When the frequency of the light is appropriately detuned from the atomic 
transition frequency, the dipole force field set up by this evanescent light may overcome 
the attractive van der Waals force between the atom and the mirror surface, creating 
an overall repulsive barrier for the approaching atom. The higher the barrier, the more 
effective is the system as an atom mirror for the reflection of relatively energetic atoms. 

The factors which limit the performance of such mirrors stem mainly from heating 
effects and also from fluctuations arising from the application of light. These fluctu- 
ations would become insignificant at low light intensities. A reduction of fluctuation 
effects at low intensities was the main reason for investigations to devise an atom mirror 
operating at low intensities. This requires the modification of the main mirror ingredi- 
ents to achieve an enhancement at low intensities. A particular method for achieving 
enhancement is by the addition of a metallic capping layer [22]. It is this arrangement 
in which as metallic surface is a prominent feature that forms the basis of the work in 
this article. 

We begin by focusing on the variations of the full potential acting in conjunction 
with very low evanescent field intensities, and also in the absence of such an evanes- 
cent field, on atoms approaching a high conductivity metallic surface. We proceed to 
demonstrate the implications of this for the repulsion of atoms in a given energy range 
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approaching such a surface. This will allow us to draw useful conclusions about the 
containment of cold atoms using metallic boundaries. 

A central requirement of the dynamics of atoms near a material surface is that 
the correct potential sampled by an approaching atom be defined over the whole range 
of atomic position z from the planar surface of a metal. Two limits of this poten- 
tial are well known as the van der Waals potential form, applicable at short distances 
(z <C A/47t), and the Casimir-Polder form at large distances (z ^> X/Att). Each of these 
potentials have been studied extensively by both theory and experiment [23-26]. How- 
ever, as we have just emphasised, the full range, including the intermediate distance 
range is important in order to account correctly for the motion of atoms outside the 
metallic surface. Unfortunately, however, analytical forms of the potential are known 
only for the van der Waals and the Casimir forms. For an atom in its ground state 
the variations with distance z over the entire range < z < oo can only be accessed 
numerically from complicated analytical expressions, Eq. (3) below, which have been 
derived using a fully quantum electrodynamical procedure [27]. The numerical evalu- 
ation is necessitated by the need to include contributions to the potential arising, in 
general, from an infinite sum over a complete set of stationary states other than the 
ground state [27]. The potential is a linear combination of two contributions, C/J and 
Ug , depending on whether the transition dipole moments are perpendicular or parallel 
to the surface. We have 



where g stands for the ground state and the sum over j spans all atomic states j (un- 
perturbed energy Wj) connected to g by electric dipole transitions for which the matrix 




(1) 




denotes the dipole moment operator perpendicular, 



parallel to the interface at z — 0. The notation is such that 



and J-'jg are well defined functions of the dimensionless variable x = (2z/A g j), but 
are too complicated to be displayed here. The numerically evaluated variations of the 



In order to determine the effects of the potential on the operation of an evanes- 
cent mode atomic mirror, with a metallic capping layer, including the field-free and 
low-intensity cases, we need to incorporate the new potential in the mirror theory. 
The basic components of the atomic mirror are shown in Fig.2. Here a metal forms 
the capping layer on the planar surface of a glass substrate of dielectric constant e\. 
Laser light of angular frequency u and intensity I strikes the metal/glass interface at 
an angle of incidence 0, as shown in Fig.2. This light is internally reflected, and par- 
tially transmitted into the metal. The light within the metal subsequently generates 
the evanescent light in the vacuum region. A neutral atom of mass M possessing a 
transition frequency ujq < u and moving in the plane of incidence towards the structure 
would be subject to a repulsive dipole force plus a dissipative force, both associated 
with the evanescent field. The atom would, further, be subject to an additional force 
due to its proximity to the metal. 

The dynamics of the atom is governed by the equation of motion 



subject to given initial conditions. Here the first term on the right hand side is the 
gravitational force. The second term F ra d = F s + F^ is the radiation force, comprising, 
respectively, the spontaneous force and the dipole force arising from evanescent light. 
The final term in Eq. © is the force corresponding to the new potential. 

Consider first the radiation force F ra( j. In the present context this force can be 
written as [18] 



potential with distance z of U^-'"(z) and their sum U g for 85 Rb atoms are shown in Fig. 



1. 




Mgz + F rad + F 



(3) 
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where ky is the in-plane wavevector of the light. Its magnitude k\\ is given by c 2 k 2 < = 
u; 2 esin 2 0, where is the angle of incidence, A = uj — ujq — kn .v where v is the velocity 
vector of the atom; V is the spontaneous emission rate of the upper atomic level and 
finally Q is the Rabi frequency of the atom in the evanescent light. The square of the 
Rabi frequency can be written as follows 

n 2 (z) = J(<j),n,I)e- 2k * z (5) 

where k 2 = k 2 — u> 2 /c 2 . Besides the characteristic exponential dependence on the 
atomic position z, the squared Rabi frequency is proportional to the factor J, which 
depends on a number of parameters, namely the intensity of the light and its angle of 
incidence at the metal/dielectric interface, as well as the metallic electron density. 

Consider next the last term in Eq.fjSJ) which arises because of the proximity of 
the atom to the surface. This is formally related to a new field-dependent potential Iff 
by 

The new field-dependent potential is evaluated using the field dipole orientation picture 
[28]. In this picture the transition dipole moment vector for all transitions involving 
the ground state adjusts its direction along the local electric field due to the evanescent 
light as the atom moves towards the metallic surface. At any given point the potential 
U£(z) emerges as a sum of contributions involving U^(z) and Ujj(z), as determined by 
the local field direction. We have 

V{ = U^{z) sin 2 7 («) + Uj (z) cos 2 7 (*) (7) 

where 7 is the field orientation angle at the location of the atom, given by 

E, 



7(2) = tan 1 



E \\ 

with E z and E\\ the field components perpendicular and parallel to the surface. The 
distribution of 7(2) depends on the internal angle (f) of incidence within the dielectric 
region of the structure [28] . 
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In the field-free case the potential is the same as the total potential U g in Fig. 1 

Ui = U g = Uf{z) + U$(z) (9) 

where the superscript in Ug signifies the absence of the evanescent field. It is important 
to note that the evanescent light influences the motion of the atom in two ways. Firstly 
it creates a dissipative force F s which is responsible for the in-plane motion of the atom, 
and, secondly, it sets up a dipole force F d = — 'VUa where U^{z) is the dipole potential, 
which is repulsive for blue detuning. The dipole potential combines with U? to give a 
total potential [/total 

[/total = V{ + U d (10) 

At high intensities, the structure can act as a mirror for relatively energetic atoms, 
as depicted in the inset to Fig.3, showing the trajectory of 85 Rb atoms for a typical 
set of parameters. The high intensity mode of operation, however, would be beset by 
field fluctuations, heating and, since the reflection action occurs nearer the surface, the 
effects of surface imperfections cannot be ignored. 

At low, albeit finite, field intensities, the field-dipole orientation mechanism still 
forces the induced dipole moment vectors for all possible transitions to be aligned 
adiabatically along the local field direction, but the contribution of the dipole potantial 
Ud to the overall potential is negligibly small, so the mirror action is primarily due to 
U' g . In the field-free case, the repulsion is solely due to Ug, which coincides with the 
situation in Fig.l in which the total potential is the sum of contributions from dipole 
components parallel and perpendicular to the surface. The rationale for using the 
sum is that in the absence of field orientation, all transition dipole moment vector 
components are effective in the coupling to the electromagnetic fields. 

Figure 4 displays the variation with distance z of the low intensity field- dependent 
potential U total and compares this with that of the field-free potential Ug. The atomic 
trajectories, evaluated using Eq.(J3J) arising from the two potentials together with grav- 
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ity and for the same initial conditions are seen to be quite different. The initial value 
(v z = — 0.067ms _1 ) of the normal component of the velocity is sufficiently small for the 
atom to be reflected at z ~ 865nm by the second peak of the field-free potential. When 
weak light is applied, however, the field dipole-orientation mechanism leads to a point 
by point lower potential than the field-free case. This is because the evanescent field 
has a larger field component parallel to the surface which, by virtue of Eq.((7j), leads to 
a lower potential. To be reflected under these conditions, the atom has to penetrate 
to the first peak closer to the mirror surface (z ~ 340nm). The important point here 
is that mirror action occurs in the field-free case for atoms at such low initial normal 
velocities and in fact more effectively than in the case of a low intensity evanescent 
light. Note that the distances at which the reflection occurs (hundereds of nanometres) 
implies that the assumption of perfect conductivity for the metal is a good one in this 
context. Finite conductivity would lead to effects that influence the atomic motion at 
distances of the order z ~ c/u p where u p is the plasma frequency of the metal. For 
high conductivity metals this is of the order of a few As. 

It is therefore reasonable to suggest, in view of the results displayed above, that it 
should be possible for a container with an inner metallic surface to repel cold atoms, 
provided that their velocity component normal to the surface at any point on the 
container inner boundary does not exceed a certain maximum value, |f 2 | maa; , depending 
on the atom. All atoms with normal velocities higher than this maximum would fall 
into the van der Waals image potential well and may be lost by adsorption to the 
surface. 

For orientation as to orders of magnitude it is seen from Fig. 4 that the positions 
of the main peaks in U* and Ug occur at a points z in excess of 300 nm, sufficiently 
far removed from the metallic surface for surface roughness effects and also the finite 
conductivity dissipative effects to be negligibly small. The energy heights of the main 
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potential peaks are 




0.57kT ; 



i.62ftr ; 



(ii) 



where T = 6.1 x 10 6 s _1 for the rubidium transition uj = 2.42 x 10 15 s' 1 . The potential 
peak energy for low intensities corresponds to a temperature of the order T ps 2.6 x 1CT 5 
K, while for the field-free case it is ~ 7.78 x 1CT 5 K. A gas of 85 Rb atoms for which 



the surface. For S5 Rb this is of the order |t> 2 | ma:E ps 7.0 cm s 1 for the low-intensity case 
and |f 2 | ma:r 12.1 cm s -1 in the field-free case. 

We propose the following scenario applicable specifically to 87 Rb. An ensemble of 
such atoms that have been pre-cooled to about ps 7.78 x 1CT 5 K are forced to enter a 
container (cavity) with perfectly conducting walls with typical dimensions in the tens 
of micrometer range. Any atom in this ensemble will have velocity components that 
are at most of the order 12.1 cms -1 and hence can be reflected at each encounter 
with the container walls. All such atoms in the ensemble will therefore be forced to 
spend most of their time in the inner regions of the cavity, reflected inwards, whenever 
they approach the container boundaries. Further laser cooling of the atoms within the 
container could then be arranged. We suggest that this scenario could be exploited for 
the containment of cold atoms and the subsequent creation of BECs of high densities 
and long coherence times. 
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Figure Captions 
Figure 1 

Variations with distance z of the model potentials Ul and U^r and their sum U„ for 

y y " 

a 85 i?6 atom in vacuum in front of a perfect conductor, evaluated using Eq.(^). The 
dotted curve presents the variations of Ujj-, the dashed curve L/J and the dash-dotted 
curve their sum U g . At very short distances U g follows the van der Waals image po- 
tential (shown by the solid curve), but substantial deviations occur in the intermediate 
distance range. 

Figure 2 

Schematic arrangement of an evanescent mode atom mirror with a metallic capping 
layer. See the text for definition of the symbols in this figure. 

Figure 3 

The high intensity case (J = 5.0 x 10 5 Wm" 2 ) for a typical mirror arrangement with 
a metallic capping layer for an atomic transition of energy Hcuq = 1.5 eV and blue 
detuning A = 500r , where T = 6.1 x 10 6 s -1 . The main figure shows variations (dotted 
curve) of the dipole potential Ud with distance z for an internal angle of incidence of 
<fr = 42° within a dielectric substrate of dielectric constant e\ = 3. Also shown (dashed 
curve) are the variations of the new potential field- dependent and their sum U tota i 
(full curve). The inset to the figure shows the atomic trajectory for an atom with 
initial velocity components v z = —0.4 ms _1 and v x = 0.6 ms" 1 . The initial position is 
x = 0; z = 300 nm. 
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Figure 4 



Comparison of potentials and trajectories for the very low intensity case (/ = 8.0 x 10 2 
Wm" 2 ) and the field-free case. The main figure shows the variations of the dipole poten- 
tial Ud (dotted curve, almost coinciding with the horizontal axis), the field-dependent 
potential (full curve) and their sum U to tai (practically coinciding with the full curve). 
The dashed curve shows the variations of the field- free potential Ug, exactly as in Fig. 
1. The inset compares the atomic trajectories arising from the two potentials for an 
atom with initial velocity components v z (0) = —0.067 ms" 1 and v x (0) = 0.4ms _1 . 
The initial position is x = 0; z = 1.13/im. The trajectory shown by the full curve 
corresponds to the field free case. 
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Figure 2: Al-Amri 2006 
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